In the quest for switching of the charge carrier type in conductive materials, we focus on nonsymmorphic crystals, which are expected to have highly anisotropic folded Fermi surfaces due to the symmetry requirements. Following simple tight-binding model simulation, we prepare nonsymmorphic IrO 2 single-crystalline films with various growth orientations by molecular beam epitaxy, and systematically quantify their Hall effect for the corresponding field directions. The results clearly demonstrate that the dominant carrier type can be intrinsically controlled by the magnetic field direction, as also evidenced by first-principles calculations revealing nontrivial momentum dependence of the group velocity and mass tensor on the folded Fermi surfaces and its anisotropic nature for the field direction.
Band structure and its filling are fundamental factors determining electronic features of materials. The energy band is directly affected by some interactions such as electron correlation and spin-orbit coupling, which can give rise to distinct phases including Mott insulator and topological insulator depending on the filling.
1-3 Here we consider the electronic structures from a standpoint of the space group, especially unique dispersions and derived functions of nonsymmorphic materials, which possess symmetry operations of screw rotation and/or glide mirror. The nonsymmorphic crystals have been theoretically reexamined in recent years for possible nontrivial phases relevant to the nonsymmorphic crystalline symmetry. 4, 5 In nonsymmorphic lattices, for example, the ground state can be metal even at certain integer fillings, unless additional transitions are induced such as by the electron correlation or magnetic ordering. 4 The nonsymmorphic symmetry operations stick bands together and provide additional degeneracies at high symmetry points, 6 resulting in highly anisotropic folded Fermi surfaces near the Brillouin zone boundary. Therefore, the dominant type of charge carriers (electron or hole) is expected to be strongly dependent on the crystal orientation or capable of being switched by external stimuli. While the electric field control of the carrier type is usual in ambipolar semiconductors, 7 control by other means remains largely unexplored.
Let us describe our idea of carrier switching in nonsymmorphic materials in more detail.
Schematic in-plane Fermi surface at half-filling is first shown in Fig. 1(a) , taking the example of body-centered tetragonal lattice. It is obviously difficult to control the carrier type or band topology of the large Fermi surface centered around the Γ point. As shown in Fig.   1 (b), Brillouin zone folding, e.g. associated with antiferromagnetic spin ordering on the two sites A and B, makes the small Fermi surface located around the zone boundary, but its electronic structure is usually gapped and the charge carrier is not defined. and the (110) glide planes (A-Z). 6 As shown in Fig. 1(e [21] [22] [23] [24] [25] [26] [27] and efficient spin-current detector. 28 Here we prepare IrO 2 single-crystalline films with various growth orientations by molecular beam epitaxy, and verify the predicted carrier control in nonsymmorphic materials by systematically measuring their Hall effect and comparing to the first-principles calculation results.
IrO 2 films with growth orientations of (110), (100), (001), (101), and (111) Hall coefficient was derived within the semi-classical Boltzmann theory using the BoltzTraP code.
29,32
In order to verify our prediction of the field-direction control of charge carriers, we have systematically measured the Hall effect for the series of the differently oriented IrO 2 films.
The film resistivity shown in Fig. 4(b) . In particular, the in-plane cut at k z = 0 is nearly identical to the schematic Fermi surface picture expected in Fig. 1(c) .
The anisotropy of the Hall coefficient can be visualized by plotting the momentum space distribution of the tensor σ αβγ,ik defined by the following relation.
Here ǫ γλδ is the Levi-Civita symbol, and the group velocity v α,ik and the inverse mass tensor near the k x = π/a boundary on the surface 1. The entire momentum space distribution of σ αβγ,ik is rather complicated, and symmetry relation between the field direction and tensor distribution may also depend on details of the band dispersions. The Hall coefficient for the various field directions is then uniquely derived from the electronic structure, as plotted against the band filling in Fig. 4(e) . Its sign is critically dependent on the field direction around the Fermi level, and the trend agrees quite well with the experimental findings shown in Fig. 3(c) . This conclusively proves that the observed field-direction dependent carrier type originates from the highly anisotropic electronic structure in nonsymmorphic IrO 2 . Also, this finding should not be largely affected by band structure changes in strained films, 29 as the trend is suitably reproduced by the calculation using only bulk lattice parameters. H a) ). This sign relation of R H to θ H probably corresponds to the signs of predominant transfer integrals t ab , t ba , and t c in IrO 2 , where t ab and t ba denote different diagonal transfers in the ab-plane. The sign of R H will be entirely reversed for the transfer integrals of opposite sign, as confirmed in the tight binding model in Fig. 1(e) .
One minor difference between the experimental and theoretical results is that the charge carrier appears more hole-like in the calculation. This might be due to band-or momentumdependent relaxation time, which is now assumed to be constant in the calculation.
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Here we present one direction of materials design for realizing the switching of the carrier type by external stimuli other than the electric field. In nonsymmorphic IrO 2 , the Hall voltage can be reversed and also tuned even to zero depending on the crystal orientation, which may be useful for electronics and spintronics applications. [110]
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